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We investigate the mechanical, electronic and magnetic properties of the full Heusler compounds
X2MnSn (X ¼ Cu, Ni, Pd) under hydrostatic pressure using the generalized gradient approximation þ U
method. We present also a comparison between the electronic and magnetic properties provided by DFT
and those computed by DFT þ U in the Generalized Gradient Approximation (GGA). GGA þ U calculations
show that the total magnetic moment decreases with the increase of the hydrostatic pressure, while the
elastic constants undergo an inverse behavior. The pressure effect on the electronic structure of these
systems is presented and discussed via the densities of states.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In recent years, Heusler alloys attracted a strong attention due to
both half metallic behavior and martensitic phase transformations
[1,2]. They were the subject of many experimental and theoretical
works as promising smart materials for future technological ap-
plications. They have also, various uses as ferromagnetic shape
memory alloys [3e5], spintronic devices [6] and magnetic actuator
[7]. Most Mn-based Heusler alloys X2MnZ show the ferromagnetic
behavior. Recently, S¸as¸uǧlu et al. investigated the pressure depen-
dence of electronic structure, exchange interactions and Curie
temperature in the ferromagnetic Ni2MnSn Heusler alloy using the
density-functional theory [8]. Ni2MnZ (Z ¼ Ga, Al, In, Sb) com-
pounds are extensively studied by several groups of researchers to
determine various properties such as structural [6,9], elastic con-
stants [9], electronic [9e11], magnetic [10] and optical [12] prop-
erties. Cu2MnX (X ¼ Al, Sn and In) Heusler alloys are interesting
magnetic systems due to their localized magnetic moments with a
metallic character [13]. The exchange interaction and Curieri).
B.V. This is an open access article utemperature are also calculated by Sokolovskiy et al. [14] These
compounds have a crystal structure L21 X2YZ [15]. However, the
theoretical and experimental studies performed on the electronic
structure andmagnetic properties of X2MnSn (X¼Cu, Ni, Pd) under
hydrostatic pressure are fairly limited, we can ﬁnd only for the
Ni2MnSn [16,17]. In this work, we investigate the behavior of the
mechanical, electronic and magnetic properties under pressure. In
Addition, to better visualize the electronic structure of these ma-
terials we use different form of exchange-correlation potential:
GGA and GGA þ U. The effect of on-site Coulomb interaction (U)
under GGA þ U formulation of the density-functional theory is
considered in the calculations and can only be applied to localized
electrons (3d).
The paper is organized as follows: a brief description of
computational details is outlined in Section 2. The pressure effect
on the electronic structure and magnetic properties of this series of
Heusler is described in Section 3. Finally, conclusions are summa-
rized in the last section.
2. Computational details
The calculations were performed within the full potential and
linear augmented plane wave (FP-LAPW) methods [18] as imple-
mented in the WIEN2k code [19], based on the density functional
theory [20]. We use the generalized gradient approximation GGAnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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[22] to describe the exchange and correlation potential. We also use
the on-site Coulomb interaction Ueff¼ UJ, where U is the Hubbard
parameter and J is the exchange parameter. We have used U¼ 2 eV,
and J ¼ 0.0 eV. For the description of correlation effects in localized
d orbit for Mn in all calculations. To determine the matrix size, we
use a parameter RmtKmax ¼ 9, where Rmt is the smallest of all
atomic sphere radii and Kmax is the plane wave cutoff. The charge
density was Fourier expanded up to Gmax ¼ 14. For well conver-
gence of energy, we used 285 k-points in the special irreducible
Brillouin zone (BZ). The self-consistent calculations are considered
to be converged only when the calculated total energy of the crystal
converged to less than 1 mRy. The mufﬁn-tin radii (MT) for Cu, Ni,
Pd, Mn, Sn were chosen to be 2.34, 2.32, 2.35, 2.30, 2.00 respec-
tively. The unit cell of X2MnSn is cubic L21 structure, which contains
four interpenetrating an fcc sublattices at the origin base in (0, 0, 0)
A position, (1/4, 1/4,1/4) B position, (1/2, 1/2, 1/2) C position and (3/
4, 3/4, 3/4) D position, which are occupied by X, Mn, X, Sn and X
atoms respectively.3. Results and discussions
3.1. Equilibrium properties
For the zero-pressure, the total energies of X2MnSn (X ¼ Cu, Ni,
Pd) were determined at several values of the lattice parameter for
both ferromagnetic and anti-ferromagnetic phases. For this, we
have considered three kinds of anti-ferromagnetic conﬁgurations
as illustrated in Fig.1. Both GGA and GGAþU calculations show that
the magnetic moments in X2MnSn favor ferromagnetic couplingFig. 1. Crystal structure and magnetic conﬁgurati(FM) as shown in Fig. 2. The calculated lattice parameters for the
ferromagnetic Ni2MnSn, Cu2MnSn and Pd2MnSn compounds using
the GGA and the GGA þ U are given in Table 1. Our results for the
lattice parameter are in good agreement with previous experi-
mental calculations [23e26]. Based on the experimental data, the
equilibrium lattice constants for X2MnSn (X ¼ Cu, Ni, Pd) are best
described by GGA-PBE, compared with the GGA þ U method.
In Table 1, we summarize the results of geometry optimizations
(lattice constant, cohesive energy, bulk modulus), the cohesive
energies per formula unit of these materials are obtained by:
Ecoh ¼

2EXatom þ EMnatom þ ESnatom

 ETotðX2MnSnÞ (1)
where ETot(X2MnSn) refers to the total energy of the intermetallic
compound at equilibrium, and EXatom E
Mn
atom E
Sn
atom are the total en-
ergies of the pure atomic components.
The magnetic moments of these compounds for Ueff ¼ 0 eV and
Ueff ¼ 2 eV compared with available experimental and theoretical
values [7,27,28] are also reported in Table 1. The results obtained
with the GGA-PBE method are in better agreement with the
experimental data compared to those calculated by the GGA þ U
method. When we use (U ¼ 0), the magnetic moment increases
signiﬁcantly. Both approaches GGA and GGA þ U shown that for all
compounds, the Mn moment is almost unchanged, while a strong
relative variation appears in the moment values of X atoms. Our
spin polarized calculation shows that the spin magnetic moments
on Mn atom are very important. Of course, for X2MnSn the spin
magnetic moments are found to be due to the transition metal
element with a small and almost no contribution from the X and Sn
sites respectively. Generally, the values of the magnetic momentsons of X2MnSn (X ¼ Cu, Ni, Pd) compounds.
Fig. 2. Magnetic phase stability of X2MnSn compounds for U ¼ 0 eV and U ¼ 2 eV.
Table 1
Structural parameters and magnetic moments of X2MnSn (X ¼ Cu, Ni, Pd) com-
pounds using GGA and GGA þ U approaches compared with theoretical and
experiment values.
Ni2MnSn Cu2MnSn Pd2MnSn
a (Å) 6.06a, 6.09b 6.24a, 6.29b 6.42a, 6.45b
Theo 6.068 [22] 6.26 [24] 6.17 [24]
Exp 6.06 [7] 6.17 [25] 6.38 [26]
6.05 [23]
B (GPa) 146.38a, 136.47b 105.33a, 93.11b 128.61a, 134.11b
Theo 138.4 [22] / /
Exp 140 [7] / /
Ecoh (eV): 20758.958a 21295.678a 34863.899a
20758.678b 21295.503b 34863.610b
Theo / / /
Exp / / /
mtot 4.18a, 4.48b 3.93a, 4.23b 4.17a, 4.44b
Theo 4.09 [27] 3.81 [28] 4.07 [28]
Exp 4.08 [7] 4.11 [1] 4.23 [1]
mX: 0.21a, 0.22b 0.03a, 0.01b 0.07a, 0.07b
Theo 0.21 [27] 0.04 [28] 0.07 [28]
Exp 0.24 [1] / /
mMn: 3.61a, 4.04b 3.73a, 4.11b 3.93a, 4.02b
Theo 3.73 [27] 3.79 [28] 4.02 [28]
Exp 3.35 [7] / /
a Our calculated GGA results.
b Our calculated GGA þ U results.
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[27,28]. The computed elastic constants for the ferromagnetic cubic
structure are reported in Table 2. In a ﬁrst principles framework, the
standard approach for obtaining elastic constants is to compute the
stress tensor for a selected set of small strains. To obtain conver-
gence at the level of a few GPa, we have used very dense k point
meshes up to (15 15 15). To compute C11 and C12 the cubic crystal is
distorted by the tetragonal deformation:Table 2
Calculated GGA and GGAþU elastic constants (cij in GPa) for X2MnSn (X¼Cu, Ni, Pd)
compounds compared to other theoretical calculations.
C11 C12 C44
Ni2MnSn 158.12a
156.19b
128,41a
127,43b
81,28a
93,93b
Theo. 158.1 [22] 128.5 [22] 81.3 [22]
Cu2MnSn 102.03a
100.42b
91,71a
89,45b
66,81a
65,64b
Pd2MnSn 142.11a
140,69b
117.93a
116,38b
67.28a
66,41b
a Our calculated GGA results.
b Our calculated GGA þ U results.
Fig. 3. Total and partial densities of states of X2MnSn (X ¼ Cu, Ni, Pd) compounds using GGA and GGA þ U approach. The zero of energy is taken to be the Fermi level.
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The calculated elastic constants cij for our compounds using the
GGA and GGA þ U compared to other theoretical calculations are
listed in Table 2. The two approaches give the same values of elastic
constants cij for all the compounds. We notice also that a compar-
ison of the elastic constants with the theoretical literature values is
fairly limited. Our results show that the elastic constant c44, which
can indicate on the hardness in materials, is higher for Ni2MnSn
than for the other compounds. The requirement of mechanical
stability in a crystal leads to the following restrictions on the elastic
constants,c11-c12 > 0, c11 > 0, c44 > 0, c11 þ 2c12 > 0 (3).
The elastic constants in Table 2 obey these stability conditions;
including the fact that c12 must be smaller than c11; and indicate
that the cubic L21 phase is mechanically stable for the three
compounds.
The calculated total and partial densities of state DOS for
X2MnSn (X ¼ Cu, Ni, Pd) compounds within the GGA-PBE and
GGA þ U approaches are shown in Fig. 3. One can observe the
absence of a gap at Fermi level, for all compounds, which conﬁrms
the metallic behavior found for both the GGA-PBE and GGA þ U
approaches. The DOS is characterized by the large exchange split-
ting of the 3d states of Mn atoms, which leads to the large spinmoments at their sites: 3.72647 mB, 3.61048 mB, 3.92814 for
Cu2MnSn, Ni2MnSn, and Pd2MnSn respectively using the GGA
approach and 4.10899 mB, 4.04029 mB and 4.02390 mB for Cu2MnSn,
Ni2MnSn, and Pd2MnSn respectively using GGAþU approximation.
The total DOS of X2MnSn are similar. They consist of the deeper part
below 8 eV, which contains mainly s- Sn states. The states, which
are approximately located between 7 eV and 1 eV, originate
from d-states of Mn and X atoms that exhibit a strong hybridization
between these atoms. Above Fermi level, the density of states for
minority electrons is characterized completely by 3d-Mn states for
all studied alloys. On the other hand, using the GGA þ U method,
the partial densities of states (PDOS) for the majority and minority
electrons 3d states of Mn and X atoms are removed from the Fermi
level.
Till now, all calculated properties are in well agreement with
other theoretical and experiment works [29,30]. Our aim is not to
compare and discuss these conﬁrmed results but to examine it
under hydrostatic pressure. The application of hydrostatic pressure
as an external control parameter to modify the different band pa-
rameters and the local magnetic exchange interaction contributes
to the coherent understanding of the origin of changes and its
impact on various electronic phenomena in these compounds.
Fig. 4. Total and partial densities of states vs the pressure (20 GPa) in X2MnSn (X ¼ Cu, Ni, Pd) compound.
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compounds
The densities of states under hydrostatic pressure are shown in
Fig. 4. Generally, the three compounds exhibit the same changes.
The difference between all shown densities of states is that the
valence band becomes wider when pressure is applied. In addition,
the most of peaks are moved to lower energies and the shift de-
creases gradually with increasing the energy. The pressure leads
also to reduce the magnitudes of the main peaks. We observed a
slight shift of 3d-Mn and 3d-X peaks to lower energies and a visible
shift of 4s-Sn peaks to the deeper energies. We note that the peaks
in the minority DOS nearby the Fermi level are faster shifted by
about of 0.38 eV, 0.31 eV, 0.22 eV than those of majority DOS for
Cu2MnSn, Pd2MnSn and Ni2MnSn respectively. The same trend is
obtained by the authors of Ref. [8] for Ni2MnSn material but in the
case for X2MnSn (X ¼ Cu, Pd), there is no experimental or ab-initio
data for comparison. Our results are considered as purelypredictive. The behavior of the total and local spin magnetic mo-
ments under the pressure is illustrated in Fig. 5. The total magnetic
moment decreases linearly with increasing the pressure by
18.134%, 18.055%, 15.608% for X2MnSn (X ¼ Cu, Ni, Pd) respectively.
On the other hand, the applied pressure causes a visible reduction
in the spin magnetic moments of Mn atom for all materials.
The elastic constants cij as a function of the hydrostatic pressure
are presented in Fig. 6. It can be seen that these parameters increase
under hydrostatic pressure and the Cu2MnSn compound is more
sensitive to the pressure than Ni2MnSn and Pd2MnSn. We notice
that the elastic constants c44 became higher under pressure, which
can increase the hardness in thesematerials.We noted also that our
studied material Cu2MnSn, Ni2MnSn and Pd2MnSn are mechanical
stable at pressure up to 20 GPa, because they satisfy the Born sta-
bility criteria for cubic crystal [31,32]. We signal that there are no
experimental or theoretical data for the comparison.
Fig. 5. Total and local spin magnetic moments vs the pressure (20 GPa) in X2MnSn
(X ¼ Cu, Ni, Pd) compound.
Fig. 6. The elastic constants cij vs the pressure in X2MnSn (X ¼ Cu, Ni, Pd).
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In this paper, we have performed ﬁrst-principle study of
X2MnSn (X ¼ Cu, Ni, Pd) Heusler compounds in cubic phase, pre-
dicting their mechanical, electronic and magnetic properties at
normal and under hydrostatic pressure using the full-potential
linearized augmented plane wave method. We enumerate the
important conclusions of our DFT and DFT þ U calculations as fol-
lows: (i) The two approximations (GGA and GGAþU) show that the
lattice parameters increase with increasing atomic number X and
the bulk modulus indicate that the Cu2MnSn is more compressible
than the other materials. (ii) Our calculations with U ¼ 0 eV and
U ¼ 2 eV calculations illustrate that all studied ferromagnetic sys-
tems exhibit a metallic character and possess an interesting elastic
constants. (iii) Themagnetic moments decreasewith increasing the
pressure while the elastic constants have an inverse behavior. The
electronic structure of these materials undergoes the same ener-
getic changes. The application of hydrostatic pressure is a signiﬁ-
cant control parameter tomodify few properties and consider other
application areas.References
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